Expression and purification of hUXS1-For crystallization experiments, a synthetic hUXS1 gene (ORF NM_025076) that was codon-optimized for high-level expression in E. coli was inserted into the pET-derived expression vector p11. The expression plasmid encoded a truncated hUXS1 fused to a 23 amino acid-long N-terminal peptide that consisted of the His 6 tag and a tobacco etch virus (TEV) protease cleavage site. The Met auxotroph E. coli strain B834(DE3) cells were transformed with the hUXS1 plasmid and a single colony was used to start a 5mL overnight culture in LB medium supplemented with 100 µg/mL ampicillin. The overnight culture (1 mL) was used to inoculate 50 mL of LB/AMP medium and grown at 37 °C to an OD 600 of 1.0. The cells were harvested by centrifugation, washed four times and inoculated in 1 L of SelenoMethionine Medium Base plus Nutrient Mix containing Se-Met at 40 mg/L (Molecular Dimensions, Newmarket, U.K.), and grown at 37 °C to an OD 600 of 0.6. The culture was induced by the addition of isopropyl-β-Dthiogalactopyranoside (IPTG) to a final concentration of 1 mM, cultured overnight at 25 °C, and collected by centrifugation. Pellets were resuspended in 20 mL lysis buffer (5 mM Imidazole, 500 mM NaCl, 50 mM HEPES, pH 7.5, 5% glycerol) including Protease inhibitor (complete; Roche, Basel, Switzerland), lysed by French Press, and the solution was centrifuged (30 min, 4 °C, 20000 x g). The supernatant was loaded onto a 2 mL gravity flow Ni-NTA column (Sigma-Aldrich, St. Louis, MO, U.S.A.), washed with 10 column volumes lysis buffer containing 30 mM imidazole and eluted in lysis buffer plus 250 mM imidazole. The protein was further purified by gel filtration using a Superdex S200 column (GE Healthcare, Little Chalfont, U.K.) developed with 10 mM HEPES, pH 7.5, 500 mM NaCl, 5% glycerol, 1 mM TCEP.
applying a molar extinction coefficient of 37360 M -1 cm -1 . Purity of wild-type and mutated enzymes was checked by SDS PAGE.
Force Field Test-GAFF is a widely used and well established force field for organic compounds.
However, it has not been tested extensively for sugar molecules. Therefore, we performed test calculations comparing structures of the sugar moieties in the substrate and intermediate-1 compounds minimized at the DFT-level of theory to the same compounds modeled with Gromacs and the GAFF force field parameters. Starting from the relaxed chair conformation the substrate sugar was minimized using GAFF and Gromacs with a quasi-Newtonian minimization algorithm (1) . For intermediate-1, the average structure from the MD simulation was used as conformation representing the classical force field. Both structures were then optimized using GAMESS-US (2) . Here the DFT level of theory was suggests that this conformation corresponds to local minimum of the sugar ring. These two calculations can of course not serve as a comprehensive test of GAFFs ability to model sugars, but doing so would be beyond the scope of this work. Given these two results together with the extensive effort put into the development of GAFF as a force field for general organic molecules (3), we conclude that the force fields accuracy is sufficient for our purposes.
HPLC analysis-Samples were analyzed on an Agilent 1200 HPLC system equipped with a 5µm
Zorbax SAX Analytical HPLC Column (4.6  250 mm; Agilent, Santa Clara, CA, U.S.A.) and a UV detector (λ = 254 nm). After 5 min elution with 5 mM potassium phosphate buffer (pH 3.2), a linear gradient of potassium phosphate buffer (pH 3.2) between 5 mM and 360 mM was used over 20 min.
The column was washed (15 min each) with 600 mM and 5 mM potassium phosphate buffer (pH 3.2)
after each analysis. The flow rate was 1.5 mL/min. Authentic standards were used for calibration. Note that the applied conditions were carefully optimized for reaction and analysis. Under the conditions used, UDP-GlcUA, UDP-xylose, and UDP-4-keto-pentose were baseline separated (Fig. S5) .
In situ NMR analysis-Samples contained 1 mM UDP-GlcUA, 0.5 mM NAD + and 7 µM enzyme in case of the wild type. For reactions with mutants, 1 mM UDP-GlcUA, 1 mM NAD + and 15 µM enzyme (E120A) or 10 mM UDP-GlcUA, 1 mM NAD + and 100 µM enzyme (Y147F, R277Q) were used. All experiments were made in a 20 mM Tris/HCl buffer prepared in D 2 O (0.70 mL, 99.9 % deuterium, pD 7.9). The 1 H NMR spectra were recorded at 303.2 K with presaturation (1 s) and acquisition of 32k data points. After zero filling to 64k data points, spectra were performed with a range of 7200 Hz.
Non-denaturing anionic PAGE-Protein samples were mixed with a 1:1 mixture of glycerol and 20mM Tris/HCl buffer (pH 7.4), containing 1% Triton X-100 and 0.9 g/L bromophenol blue.
Separation was done on a 10% polyacrylamide gel according to the instructions of the supplier (Bio-
SUPPLEMENTAL FIGURE LEGENDS
FIGURE S1. Protein sequence alignment of human UXS and similar proteins from other species. --------------------- 1 2 1 2 1 1 1 1 1 0 1 0 1 1 2 0 0 0 0 0 0 0 0 0 0 0 0   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Consistency 0 0 1 1 0 2 1 1 1 1 0 0 0 2 1 1 1 1 1 1 0 1 2 1 1 0 0 
M -S S E K P E T I T H V G C N R ------------
ArnA A I A D E D N A L T L H R K L V D C A S A L
L E Q T L P A I K H G N I L E I A Q R E N E A T C F G R UAXS --------------------------------------------------UGlcAE --------------------------------------------------
. . . . 250 UXS_human L L L G I A L L A Y ---V A S V W G N -F V N M ----R S I Q E N G E L K I ----E S K I -- UXS_rize L P L P R S L A S Y ---L L R E H R L L F V L L -----------G
F L L ----A S S C --UXS_fungus --F G F D S T V D ---I E T L R S L -Y L S P ----A Y I K E G G D V K V S L D A P Q K D --ArnA R T P D D S F L E W H K P A S V L H N M V R A V A D P W P G A F S Y V G N Q K F T V W S S R V H P H UAXS --------------------------------------------------UGlcAE --------------------------------------------------

. . . 300
UXS_human ------E E M V E --------------------------P L R E K I R D L E K S F UXS_rize ------F L I Y P S -----------------------F T P L S S S S S P R D T V A UXS_fungus ------F S T E T --------------------------T Y D H N T N T I Q Y S T ArnA A S K A Q P G S V I S V A P L L I A C G D G A L E I V T G Q A G D G I T M Q G S Q L A Q T L G L V Q UAXS -----------------------------------------------M A G UGlcAE --------------------------------------------------
. . . 350 UXS_human T Q K Y P P V K F L S E K D R K R I L I T G G A G F V G S H L T D K L M M D G H -E V T V V D N FUXS_rize A S R R L P V G V R K --P P L R V V V T G G A G F V G S H L V D E L L A R G D -S V I V V D N FUXS_fungus V N K F P P V K L L P N H E R K R I L V T G G A G F V G S H L V D R L M L L G H -E V T V L D N FArnA G S R L N S Q P A C T A R R R T R V L I L G V N G F I G N H L T E R L L R E D H Y E V Y G L D I G -UAXS R V D L D G N P I K P ----M T I C M I G A G G F I G S H L C E K L M S E T P H T V L A V D V --UGlcAE ---------------M K I L V T G A A G F I G S H L C E E L L K D K S Y S V I G I D H F I
. . . 400 UXS_human ----F T G R K R N V E H W I G ---H E N F E L I N H D V ------V E P L Y I E V D Q I Y H UXS_rize ----F T G R K E N V A R H L A ---D P R F E L I R H D V ------V E P I L L E V D Q I Y H UXS_fungus ----F T G S R T T V S H W I G ---H P N F E M V R H D V ------V E P F L I E V D Q I Y H ArnA --------S D A I S R F L N ---H P H F H F V E G D I S I H S E W I E Y H V K K C D V V L P UAXS ----Y S D K I K H L L E P T S L P W N G R I Q F H R I N I K -N D S R L E G L I K M A D L T V N UGlcAE G P T P M Q L K I N N I R S L I T ---N S R F E F I Q E N I L --S A N L S K I L Q D V S A V Y H
. . . 450 UXS_human L A S P A S P P N Y M Y N -P I K T L K T N T I G T L N M L G L A K R V G -A R L L L A S T S E V Y UXS_rize L A C P A S P V H Y K F N -P I K T I K T N V M G T L N M L G L A K R V G -A R F L L T S T S E V Y UXS_fungus L A C P A S P P H Y Q I N -A V K T L K T S F E G T L N M L G L A K R T G -A R F L I T S T S E V Y ArnA L V A I A T P I E Y T R N -P L R V F E L D F E E N L R I I R Y C V K Y R -K R I I F P S T S E V Y UAXS L A A I C T P A D Y N T R -P L D T I Y S N F I D A L P V V K Y C S E N G -K R L I H F S T C E V Y UGlcAE L A A I P G V R T S W G K D F H P Y V T N N I L A T Q H L L E A C K N K D L D K F I Y I S T S S V Y
. 500 UXS_human G D P E V H P Q S E D Y W G H -V N P I G ----------------P R A C Y D E G K R V A E UXS_rize G D P L E H P Q K E S Y W G H -V N P I G ----------------V R S C Y D E G K R T A E UXS_fungus G D P E E H P Q R E D Y W G H -V N C I G ----------------P R A C Y D E G K R V A E ArnA G M C S D K Y F D E D H S N L V V G P I N ---------------K P R W I Y S V S K Q L L D UAXS G K T I G A F L P E D S P L R Q D P A Y F V L S E E A S P C I F G P I E K Q R W S Y A C A K Q L I E UGlcAE G E K S -G A V S E D L L P ----------------------I P L S P Y G V T K L S G E
. . . 550 UXS_human T M C Y A Y M K Q E G V E V R V A R I F N T F G P R M ------H M N D G R V V S N F I ----L UXS_rize T L T M D Y H R G A G V E V R I A R I F N T Y G P R M ------C L D D G R V V S N F V ----A UXS_fungus T L T Y G Y H R K D G V E V R V A R I F N T F G P R M ------N P Y D G R V V S N F I ----I ArnA R V I W A Y G E K E G L Q F T L F R P F N W M G P R L D N L N A A R I G S S R A I T Q L I ----L UAXS R L I Y A E G A E N G L E F T I V R P F N W I G P R M D F I P G I D G P S -E G V P R V L A C F S N UGlcAE H L C H I Y H T N F H I P T I I L R Y F T V Y G P K -------Q R T D -M A F H R F I ----K
. 600 UXS_human Q A L Q G E P L T V Y G S G S Q T R A F Q Y V S D L V N G L V A L M N S N ----V S S P V N L G N UXS_rize Q T L R K Q P M T V Y G D G K Q T R S F Q Y V S D L V D G L I T L M E S E ----H I G P F N L G N UXS_fungus Q A L K G E D M T V Y G D G S Q T R S F Q Y V H D L I D G L I L L M N G P ----D T R P V N I G N ArnA N L V E G S P I K L I D G G K Q K R C F T D I R D G I E A L Y R I I E N A G N R C D G E I I N I G N UAXS N L L R H E P L K L V D G G H S Q R T F I Y I K D A I E A V F L M I E N P A R A -N G H I F N V G N UGlcAE Q L I E N K P L T I F G D G T Q T R D F T Y I D D C I K G T V A T L K T R K N I -I G E V I N I G G
-E E H T I L E F A Q L I K N L V G S ---------------G S E I Q F L S E A Q D D P Q UXS_rize P -G E F T M L E L A Q V V K E T I D P ---------------S A R V E F K P N T A D D P H UXS_fungus G -D E F T I L E F A E A V R D I V E K V Q K E E G ----N P L A K R V N I I H K E I P I D D P Q ArnA P E N E A S I E E L G E M L L A S F E K H P L R H H F P P F A G F R V V V S S S Y Y G K G Y Q D V E UAXS P N N E V T V K Q L A E M M T Q V Y S K V S G E T P L E --T P T V D V S S K E F Y G E G Y D D S D UGlcAE K E Q A S I L -D I I S M L E K I V G Q ---------------R A I L N F S K G V P G E P K
R K P D I K K A K L M L G W E P V V P L E E G L N K A I H Y F R K E L E Y Q A N N Q Y I P K P K P UXS_rize M R K P D I S K A K S L L H W E P K I S L K Q G L P R M V S D F Q K R I M D E K R ---------UXS_fungus R R R P D T T R A K E S L Q W Q P R W N V R Q G V E E M V R Y Y S A R I R E G A I ---------
